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A STUDY OF THE SEISMIC WAVES SKS AND SKKS* 
By ROBERT L. NELSON 
ABSTRACT 
Arrival times, amplitudes, and periods of the seismic phases SKS and SKKS have been investi- 
gated for shallow, intermediate, and deep earthquakes recorded at Pasadena and Ituancayo, Peru. 
New observed time-distance urves are constructed for depths of ,<60, 100, 200, and 600 kilo- 
meters. Travel times for the core have been calculated from shallow-shock time data. Slight modifica- 
tion of wave velocity lust inside the core and of travel times within the core are suggested. Calcu- 
lated travel times of SKS, SKKS, and SKKKS are in good agreement with observations. 
Energy parameters determined from observed amplitude/period ratios are found in only fair 
agreement with those calculated from theory. Observed energies are too large for most of the phase 
components and depths considered. The horizontal components of SKKS over the whole distance 
range, and of SKS at A =< 100 °for all depths, yield observed energies less than those predicted by 
theory. Both discrepancies are at least qualitatively explained by a proposed nonspherical distri- 
bution of shear strain about the fault source, and by abnormal absorption i  the outer 700 kilo- 
meters of the core. Anomalous observed energies, as functions of epicentral location, are also ac- 
counted for by the proposed nonspherical distribution of energy. 
INTRODUCTION 
AN INVESTIGATION of wave arrival times, amplitudes, and periods for the seismic 
phases SKS and SKKS has been made on more than 1,200 seismograms of shallow, 
intermediate, and deep earthquakes recorded at Pasadena, California or Huan- 
cayo, Peru. Epicentral distances for these shocks are between 75 ° and 175 ° from the 
two stations. Selected well-recorded shocks in this same distance range have been 
utilized in first-motion and polarization studies. 
Seismograms at Pasadena found most useful in this study are those recorded by 
Benioff long-period vertical and horizontal component electromagnetic instruments 
(pendulum period 1 second, galvanometer period 90 seconds), and by Wood-Ander- 
son torsion instruments (period 6 seconds). Huancayo records used are from Wenner 
horizontal seismographs with response characteristics very similar to those of long- 
period Benioff instruments. Eighty-five per cent of all amplitude and period read- 
ings were made on records of instruments the magnifications of which are fairly 
accurately known. The remaining measurements are used only in travel-time 
studies. 
Data from vertical-component i struments are fewer and cover a more restricted 
range of distance. This results from the fact that no suitable long-period vertical 
instrument is available at Huancayo, and that records from torsion instruments 
were available at Pasadena before those from long-period vertical instruments with 
known magnification. Short-period Benioff electromagnetic instruments have mag- 
nifications too low for wave periods characteristic ofthe SKS group to find extended 
use. 
TRAVEL TIMES 
Observed travel times.--Because of the considerable effect of the slope of time-distance 
curves upon calculations of expected energy for a particular phase, a complete 
* Manuscript received for publication June 13, 1952. 
[39] 
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TABLE 1 
SHALLOW EARTHQUAKES 
(Times for surface focus in min:sec.) 
Dist. SKS SKKS SKKKS Dist. SKS SKKS SEEKS 
deg. 
76 . . . . . . . . .  
78 . . . . . . . . . .  
80 . . . . . . . . . .  
82 . . . . . . . . .  
84 . . . . . . . . . .  
86 . . . . . . . . . .  
88 . . . . . . . . . .  
90 . . . . . . . . . .  
92 . . . . . . . . . .  
94 . . . . . . . . .  
96 . . . . . . . . .  
98 . . . . . . . . .  
100 . . . . . . . . .  
102 . . . . . . . . .  
104 . . . . . . . . .  
106 . . . . . . . . .  
108 . . . . . . . . .  
110 . . . . . . . . .  
112 . . . . . . . . .  
114 . . . . . . . . .  
116 . . . . . . . . .  
118 . . . . . . . . .  
120 . . . . . . . . .  
122 . . . . . . . . .  
124 . . . . . . . . .  
126 . . . . . . . . .  
128 . . . . . . . . .  
(22:00) 
(14)  
(27)  
( 41> 
54 
23:06 
19 
31 
42 
54 
24:04 
14 
25 
34 
43 
53 
25:02 
11 
20 
28 
36 
44 
52 
26:00 
07 
14 
21 
23:25 
39 
54 
24:08 
22 
37 
51 
25:06 
20 
34 
47 
26:01 
14 
27 
40 
52 
27:03 
17 
29 
4O 
52 
28~4 
(24:53) 
(25:08) 
(23)  
37 
52 
26:07 
21 
35 
5O 
27:04 
18 
33 
47 
28:01 
15 
29 
deg, 
130 . . . . . . . .  
132 . . . . . . . . .  
134 . . . . . . . .  
136 . . . . . . . .  
138 . . . . . . . .  
140 . . . . . . . . .  
142 . . . . . . . . .  
144 . . . . . . . . .  
146 . . . . . . . . .  
148 . . . . . . . . .  
150 . . . . . . . . .  
152 . . . . . . . .  
154 . . . . . . . .  
156 . . . . . . . .  
158 . . . . . . . .  
160 . . . . . . . .  
162 . . . . . . . .  
164 . . . . . . . .  
166 . . . . . . . .  
168 . . . . . . . .  
170 . . . . . . . .  
172 . . . . . . . . .  
174 . . . . . . . . .  
176 . . . . . . . . .  
178 . . . . . . . . .  
180 . . . . . . . . .  
26:27 
31 
36 
40 
44 
47 
50 
53 
56 
58 
27:00 
02 
04 
06 
07 
08 
09 
10 
11 
12 
13 
14 
14 
15 
15 
16 
28:15 
27 
38 
49 
29:00 
11 
22 
34 
45 
56 
30:07 
18 
29 
40 
51 
31:01 
12 
23 
34 
44 
54 
32:04 
14 
28:43 
57 
29:10 
23 
36 
49 
30:05 
18 
31 
44 
57 
31:09 
22 
34 
47 
59 
32:12 
24 
36 
48 
33:01 
res tudy  and  determinat ion  of the  t rave l  t imes  of ~he SKS group has  been  car r ied  
out .  Tab les  1 and  2 conta in  observed  t rave l  t imes  for  the  phases  and  depths  s tud ied .  
"Sha l low"  depth  is here  cons idered  to  inc lude shocks  down to  60 k i lometers  be low 
the  surface.  To  s impl i fy  compar i son  w i th  o ther  pub l i shed  t rave l  t imes,  the  observed  
t imes  for  sha l low ear thquakes  have  been  cor rec ted  to  a hypothet ica l  sur face  focus.  
Observed  t imes  for  in termed ia te  and  deep ear thquakes  have  been  cor rec ted  to  the  
neares t  100 k i lometer  level  shown.  
Compar i son  of these  t imes  w i th  those  prev ious ly  determined  is hampered  by  the  
fac t  that  few tabu la t ions  by  o ther  workers  are complete ly  observat iona l ,  par t i cu -  
lar ly  for  o ther  than  sha l low foci. Res idua ls  in seconds  between pub l i shed  t imes  of 
Gutenberg  and  R ichter  (1939, pp.  118-129) 1and those  of ~he author  for  SKS  and  
1 For references see list at the end of this paper. 
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SKKS of shallow shocks are as follows (plus values indicate earl~r times for the 
newdata): 
80 ° 90 ° 100 ° 110 ° 120 ° ]30 ° 140 ° 150 ° 100 °
SKS . . . . . . . . . . . . . .  0 0 +1 +1 +2 -7  - 4 -3  . . . .  
SKKS . . . . . . . . . . . . . . . . . . . .  +6  +1 +1 +5 +12 +17 +21 
Agreement for SKS is in general good. The larger esiduals between 130 °and 140 °
are near the intersection of the theoretically expected branches of this phase. While 
this intersection of the two principal branches is reflected in a rather sharp slope 
change of the new curve, observation of the later segments of these branches has 
not been made. 
TABLE 2 
INTERMEDIATE AND DEEP EARTHQUAKES 
(T rave l  t imes  in  min :see ,  fo r  depths  in  k i lometers  shown at  head of  appropr ia te  co lumn)  
SKS SKKS 
Dist. 
(deg.) 
100 200 600 " 100 200 600 
80 . . . . . . . . . . .  
85 . . . . . . . . . . .  
90 . . . . . . . . . . . .  
95 . . . . . . . . . . .  
100 . . . . . . . . . . .  
105 . . . . . . . . . . .  
110 . . . . . . . . . . .  
115 . . . . . . . . . . .  
120 . . . . . . . . . . .  
125 . . . . . . . . . . .  
130 . . . . . . . . . . .  
135 . . . . . . . . . . .  
140 . . . . . . . . . . .  
22:22 
49 
23:15 
41 
24:06 
30 
52 
25:14 
33 
50 
26:04 
17 
27 
21:52 
,22 :22  
51 
23:19 
45 
24:09 
32 
52 
25:12 
31 
48 
20:46 
21:16 
43 
22:08 
32 
55 
23:17 
37 
54 
24:09 
23:27 
58 
24:28 
58 
25:28 
58 
26:28 
57 
27:25 
53 
28:19 
23:00 
34 
24:06 
37 
25:07 
36 
26:05 
33 
27:00 
21:52 
22:24 
54 
23:23 
53 
24:22 
52 
25:20 
(49)  
Observations of SKS at epicentral distances less than that of its point of inter- 
section with the S curve at 83 ° are few. Of 25 station-shocks studied in the distance 
range 75o-83 °, only eight identifications of SKS following S could confidently be 
made.  
It is felt that observed times for SKS are now within the limits of error set by the 
determination f epicenters and origin times, and by variable crustal effects. Addi- 
tional time-distance data for SKKS and SKKKS would be of value. 
Core travel times.--Travel times between points on the surface of the core have 
been calculated by the method of Wadati and Masuda (1934), using SKS - SeS 
and (SKKS - ScS)/2. Observed travel times from Table 1 were combined with 
data for SeS given by Gutenberg and Richter (1939, p. 106). Data from SKS yield 
times from about 23 ° to 180 ° in the core, but at distances greater than 120 °a differ- 
ent branch is involved. SKKS supplies travel times for core distances of 13 ° to 74 °. 
Results from the two sets of data agree very well, being usually within 3 seconds at 
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common d is tances .  Tab le  3 conta ins  averaged core t rave l  t imes  f rom these  two 
sources.  Co lumns  two and  three  conta in  t imes  f rom Gutenberg  (1951) and  Je f f reys  
(1939),  respect ive ly ,  for  compar i son .  T imes  for  the  beg inn ing  of Je f f reys '  second 
branch  (cusp a t  88 ° ) a re  not  shown.  I t  is to  be  noted  that  the  new t imes  are  gen-  
e ra l ly  in  good  agreement  w i th  prev ious ly  pub l i shed  data  except  a t  shor t  d i s tances ,  
where  a s teeper  curve  slope, and  hence  lower  ve loc i ty ,  is here  requ i red .  
TABLE 3 
CALCULATED TRAVEL  T IMES BETW.E~EN POINTS ON THE SURFACE OF THE CORE 
(Nelson, N; Gutenberg , G; Jeffreys, J) 
AK tK(N) t.c(G) tK(J) ~K tx(N) tK(G) t~(J) 
5 . . . . . . . . . .  
10 . . . . . . . . . .  
15 . . . . . . . . .  
20 . . . . . . . . .  
~5 . . . . . . . . .  
30  . . . . . . . . .  
35 . . . . . . . . .  
40 . . . . . . . . .  
45 . . . . . . . . .  
50 . . . . . . . . .  
55  . . . . . . . . .  
60 . . . . . . . . .  
65 . . . . . . . . .  
70 . . . . . . . . .  
75 . . . . . . . . .  
80 . . . . . . . . .  
85 . . . . . . . . .  
90 . . . . . . . . .  
95 . . . . . . . . .  
100 . . . . . . . . .  
105 . . . . . . . . . .  
110 . . . . . . . . .  
115 . . . . . . . . . .  
120 . . . . . . . . . .  
0:40 
1:19 
57 
2:34 
3:10 
44 
4:18 
48 
5:19 
48 
6:16 
42 
7:07 
32 
55 
8:18 
39 
9:01 
21 
40 
59 
10:15 
28 
42 
0:37 
1:15 
52 
2:29 
3:06 
42 
4:17 
51 
5:23 
53 
6:21 
47 
7:11 
34 
56 
8:19 
40 
9:01 
21 
40 
59 
10:14 
28 
42 
0:37 
1:15 
52 
2:28 
3:04 
39 
4:13 
46 
5:18 
48 
6:17 
45 
7:11 
36 
8:00 
22 
43 
9:03 
22 
40 
56 
10:11 
24 
37 
125 . . . . . . . . .  
130 . . . . . . . .  
125 . . . . . . . .  
120 . . . . . .  
115 . . . . . . . .  
110 . . . . . . . . .  
105 . . . . . . . . .  
100 . . . . . . . . .  
105 . . . . . . . . .  
110 . . . . . . . . .  
115 . . . . . . . . .  
120 . . . . . . . . .  
125 . . . . . . . . .  
130 . . . . . . . . .  
135 . . . . . . . .  
140 . . . . . . . .  
145 . . . . . . . .  
150 . . . . . . . .  
155 . . . . . . . .  
160 . . . . . . . .  
165 . . . . . . . .  
170 . . . . . . . .  
175 . . . . . . . .  
180 . . . . . . . .  
10:40 
50 
59 
11:07 
14 
20 
25 
29 
32 
34 
36 
38 
39 
10:55 
11:06 
10:55 
44 
33 
22 
13 
03 
13 
22 
30 
39 
47 
55 
11:03 
10 
16 
22 
27 
32 
35 
37 
39 
40 
10:10 
19 
28 
38 
46 
55 
11:03 
10 
16 
22 
27 
31 
34 
36 
38 
38 
Calculated times of the SKS group.--Using combined  t ime-d is tance  va lues  of the  
core f rom tab le  3 and  the  ScS data  noted  above ,  t rave l  t imes  of SKS ,  SKKS,  and  
SKKKS for  sur face  foci  have  been ca lcu la ted .  The  t imes  here  proposed  for  the  core  
have  been used  up  to  120 ° . For  the  branches ,  the  t imes  of Gutenberg  were  used  
because  h is  data  seem in  bet ter  agreement  w i th  core  t imes  here  determined  near  
th i s  d i s tance  range.  F rom 120 ° outward  on  the  th i rd  branch ,  the  Gutenberg  and"  
Je f f reys  t imes ,  wh ich  agree  w i th in  one second,  were  favored .  
The  resu l t ing  t rave l  t imes  are  shown in  the  second co lumns  of tab les  4 and  5. 
The  f i rst  co lumn conta ins  observed  t imes  f rom tab le  1 for  ease  of compar i son .  The  
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TABLE 4 
CALCULATED TRAVEL TIMES FOR SKS FOR SVRFACE FOCUS, IN Mm:SEc. 
(For last two columns ee text) 
Dist ,  t observ. Residuals 
(N) (J) 
deg. 
80. 
85. 
90. 
95. 
100. 
105. 
110. 
115. 
120. 
125. 
130. 
135. 
140. 
130. 
125. 
120. 
115. 
110. 
115. 
120. 
125. 
130. 
135. 
140. 
145. 
150. 
155. 
160. 
165. 
170. 
175. ! 
180. ! 
(22:27) 
23:00 
31 
59 
24:24 
48 
25:11 
31 
52 
26:11 
26 
26 
32 
47 
54 
27:00 
05 
08 
11 
13 
14 
15 
t calc. Residuals 
(N) (G and R) 
22:22 -- 1 
23:01 0 
31 --1 
59 -1  
24:24 - 2 
48 -3  
25:10 -4  
31 -4  
52 -2  
26:10 --1 
25 --2 
39 -3  
50 --5 
26:28 (--6) 
17 
07 (-5)  
25:58 
48 ( -  3 ) 
58 -3  
26:07 - 3 
16 -4  
25 -4  
34 -4  
42 -5  
50 -5  
56 -7  
27:02 
06 -9  
09 . . . .  
12 
14 . . . .  
15 -5  
-2  
0 
--2 
--2 
--3 
--3 
--2 
--1 
+2 
+4 
÷5 
+4 
+3 
+3 
+3 
+3 
+3 
+3 
+2 
+2 
+1 
0 
0 
+1 
+1 
43 
third and fourth columns show residuals from published data by Gutenberg and 
Richter (1939) and Jeffreys (1939), respectively. A similar designation by init ials is 
used. Residuals are taken with respect to t imes in column 2; therefore posit ive 
residuals indicate earlier t imes for the publ ished ata than those here calculated, 
and negative residuals later times. 
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AMPLITUDES AND EX~RGY 
Comparison of observed and calculated energy . - -Recent  s tud ies  by  many workers  have  
emphas ized  the  impor tance  of wave  energy  cons iderat ions  in  eva luat ing  common 
assumpt ions  regard ing  our  hypothet ica l  ear th  mode l .  Compar i son  of observed  
energ ies  and  those  ca lcu la ted  f rom e las t l c -wave  theory  requ i res  the  use of a param-  
TABLE 5 
C-4.LCULATED TRAVEL TIMES FOR SKKS AND SKKKS Foa SURFACE FOCUS, IN MIN:SEc. 
SKKS SKKKS 
Dist. 
t obs. t ealc, Residuals Residuals t obs. t calc. Residuals 
(N) (N) (G & R) g) (N) (N) (J) 
,deg .  
80 . . . . . . . . . . . . .  
85 . . . . . . . . . . . . .  
90 . . . . . . . . . . . . .  
95 . . . . . . . . . . . . .  
100 . . . . . . . . . . . . . .  
105 . . . . . . . . . . . . .  
110 . . . . . . . . . . . . .  
115 . . . . . . . . . . . . .  
120 . . . . . . . . . . . . . .  
125 . . . . . . . . . . . . . .  
130 . . . . . . . . . . . . .  
135 . . . . . . . . . . . . .  
140 . . . . . . . . . . . . .  
145. . . . . . . . . . . . .  
150 . . . . . . . . . . . . . .  
155 . . . . . . . . . . . . .  
160 . . . . . . . . . . . . .  
165 . . . . . . . . . . . . .  
170 . . . . . . . . . . . . .  
175 . . . . . . . . . . . . .  
180 . . . . . . . . . . . . .  
23:54 
24:29 
25:06 
41 
26:14 
46 
27:17 
46 
28:15 
44 
29:11 
40 
30:07 
34 
31:01 
29 
55 
32:19 
43 
22:33 
23:12 
49 
24:25 
25:02 
37 
26:10 
44 
27:16 
48 
28:19 
49 
29:18 
46 
30:14 
40 
31:06 
31 
• 56 
32:19 
42 
° , .  
-4  
-1  
+1 
+2 
+4 
+4 
+5 
+5 
+4 
+3 
+2 
+2 
+1 
+1 
0 
-1  
-4  
+7 
+7 
+7 
+8 
+7 
+5 
+4 
+2 
+1 
--1 
--2 
-3  
--4 
--4 
-6  
-6  
-7  
-7  
-8  
-8  
25:08 
45 
26:21 
57 
27:33 
28:08 
43 
29:18 
52 
30:25 
57 
31:28 
59 
32:30 
33:01 
22:34 
23:14 
52 
24:30 
25;08 
46 
26:22 
58 
27:34 
28:10 
46 
29:21 
55 
30:28 
31:01 
33 
32:05 
36 
33:07 
37 
34:06 
+9 
+10 
+11 
+13 
+12 
+12 
+12 
+12 
+12 
+12 
-[-11 
+9 
+8 
+6 
+5 
+3 
+1 
-1  
--3 
eter which can be determined both from seismograms and from theoretical gound 
displacements. Gutenberg (1945a, 1951) has set up such a parameter, A, which may 
be defined for the observational case (A o) as 
A0 = M-  logU 'W- -  G(M-  7); 
T 
(1) 
and  for  the  theoret i ca l  case for  core phases  (A ~) as 
tan  io dio 
A, = C - log QH, Qz - 0.5 log F + 0 .217 kD - log s in  A " d--A" (2) 
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Equation (2) is a convenient form of the equation for ground displacement due to 
seismic waves given by Zoeppritz (Zoeppritz, Geiger, and Gutenberg, 1912). In 
these quations, M is the magnitude ofthe shock (Richter, 1935; Gutenberg, 1945a, 
b) ; u and w, the horizontal and vertical ground isplacements, respectively (u is the 
vector sum of two perpendicular horizontal displacements); T is the period of the 
wave; Q is the ratio of ground displacement to incident amplitude; F is the product 
of ratios of refracted or reflected energy to that incident at each discontinuity en- 
I J J P 
• ° ~ - . o _ A o_ (SKKs]vs .  A 
= • 0;, ° " SHALLOW DEPTH 
. t  °0  - 
l_ VERTICAL ~ ~  ~ ~ ~ 
o TH 
VERTICAL I 
_"  ~ _ _ _  ~_ -~-  _ _  
• • • o e 
• ~ . , :0  i • . . o o 0 : ,  o 
.5  . . .  . : " -  ? . . . .  -~ .  
I o -  ° • • * ° .  
• I i IHORIZONTAL  F IGURE 
' '  ! I I I 
80 90  I00  I10 A ( DI:GR¢I[S ) 140 180 160 170 
Fig. 1. 
countered; D is the path length, and k the absorption coefficient per unit path 
length; i 0 is the angle of incidence of a ray at the surface (here assumed equal to the 
angle of incidence at the source for core waves), A, the angular distance in degrees; 
and G and C, empirical constants. For discussion and evaluation of these quantities 
see Gutenberg (1944, 1945a, 1951). 
Ground amplitude/period ratios have been determined from seismograms for 
which instrumental magnifications are known. Figure 1 is a plot of A~ and Aw 
(horizontal and vertical components of A o) as a function of epicentral distance for 
SKS and SKKS from shallow earthquakes. A o for SKS in intermediate and deep 
shocks has also been calculated from (1) for a restricted istance range, but is not 
shown graphically here. 
Values of A~ have been calculated from (2) for SKS and SKKS from shallow 
shocks, and for SKS from foci at depths of 100, 200, and 600 kilometers. Comparison 
of these parameters is affected by forming the residual (A o - At). Because of the 
logarithmic forms of these quantities, the residual is actually the logarithm of a~ 
ratio between the observed and the theoretically expected energies. Figures 2: 
46 
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' OmZON'rAL ~ ] ) 
0,0 
-I,0 
Figs. 2 and 3. 
I: 
Figs. 4-6. 
~.0 
,.5 
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through 6 show this ratio, for both horizontal and vertical components, plotted as 
logarithms as a function of epicentral distance. A positive residual indicates that 
the observed energy is less than that predicted by theory, and conversely for nega- 
tive residuals. Because of errors and uncertainties in calculating both Ao and At, 
residuals not exceeding 0.25 are considered to indicate agreement of theory with 
observation. This represents a factor of 1.8 (antilog of 0.25) between observed and 
theoretical values. 
All observations are in only fair agreement with theory. SKS residuals for shallow 
shocks seem particularly irregular. Because SKS in shallow earthquakes clearly 
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exhibits the phenomenon of multiplicity, the effect on the residuals of the energy 
contained in these multiple phases was investigated. In shallow earthquakes the 
later SKS phases frequently have larger amplitude/period ratios than the principal 
phase. The dashed lines in figure 2 give the energy residuals using A o for the 
strongest phase in the SKS group (A o*) on each seismogram. A slight improvement 
is noted. 
A much greater improvement obtains when the energy in all SKS phases on one 
seismogram is summed in the Ao term. Figures 7 and 8 are plots of the new SKS 
residuals. Anomalies in these latter two figures demand an entirely different causal 
hypothesis over that which might be deduced from figure 2. The same procedure 
was not extended to the other phases and depths tudied, because phase multiplicity 
is much less pronounced in those ~nstances. 
The principal discrepancies between observed energies and those calculated from 
theory may be summed up from figures 3 through 8 as follows: 
A. A~ for SKS from shallow shocks is smaller than expected for n < 100 °, and 
larger than expected at greater distances. 
e. A~ for SKS in intermediate and deep shocks also changes from too small to 
too large near A = 100 °, but are in much closer accord with theory over similar 
ranges of distance. 
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c. A~ for SKKS from shallow shocks is smaller than expected over tile whole dis- 
tance range to 180°; and 
9. Aw for both SKS and SKKS is too large at all distances and focal depths, 
although Aw for SKKS is closest to that predicted by theory. 
Having eliminated effects on Ao of energy contained in the multiple phases, the 
remaining energy discrepancies must be explained in terms of variations in A ~. This 
of course necessitates departure from the simplified theory which is the basis for 
equation (2). All quantities in this equation which appreciably affect At have been 
examined to see if their variation could resolve the remaining energy residuals. 
Physically acceptable variations in wave velocities near the surface and the core 
boundary, in slope of the travel-time curves, and in refraction losses all lead to only 
second-decimal-place improvements. It is believed that the only two terms in 
equation (2) which can quantitatively account for the anomalous energies are the 
constants k and C. 
The constant C was originally evaluated by Gutenberg (1945a) from the phases 
PI PP, and S. From its derivation it can depend only on fractions of the given energy 
going into the fundamental types of waves. Gutenberg found C = 6.3, within the 
limits of accuracy desired, for all wave types. Several assumptions were made in 
its evaluation, but none with reference to ray path except for the requirement of 
spherical symmetry of energy propagation about he hypocenter. As pointed out by 
Nakano (1923), Byerly (1938), and others, this assumption, though convenient, is 
realistically untenable. Investigation utilizing an alternate nergy distribution has 
disclosed that the constant C should have a lower value for transverse core phases 
than for transverse mantle phases. 
The actual distribution of shear stress near a linear earthquake source is not 
known, but that suggested in figure 9, a fulfills the requirement that shear be a 
maximum perpendicular toa fault and zero along it. Dashed lines indicate vibration 
180 ° out of phase with that of the solid lines. Figure 9, b is the type of rosette which 
gives the corresponding compressional stress distribution. In evaluating properties 
of these proposed distributions, it is necessary to consider the actual faulting 
involved. Thus figure 9, a can be thought of as a two-dimensional figure for strike- 
slip motion on a vertical fault plane. In three dimensions the figure is rotated about 
the axis of zero shear and becomes a toroid of revolution. 
The permutations of many directions of motion on fault planes with various 
angles of inclination are too numerous for discussion. Instead, a simplification is 
made by assuming two predominant dip angles and one predominant direction of 
displacement. The basis for the choice involved is found in recent studies by Benioff 
which deal with many of the major fault systems of the world (Benioff, 1949; and 
personal communications). He has found from a detailed study of the seismicity 
of several of the circum-Pacific arc structures that the hypocenters ofshallow, inter- 
mediate, and deep shocks, where associated, fall on two surfaces which dip at angles 
near 30 ° and 60 ° , respectively. Transition between the tw O planes apparently takes 
place between 175 and 400 kilometers in depth in areas having continental-type 
rocks on one side of the fault. Where this condition is not met, only the steeper angle 
is determined. The hypothesis deduced by Benioff to explain the origin of these 
great fault zones requires predominantly dip-slip displacement. 
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Figures 10, a and 10, b illustrate these two conditions in vertical sections through 
the hypocenter. Angles of departure at the source for all transverse phases with par- 
tial core paths are always between 0 ° and 15 °. We may represent this relation in the 
figures by a cone of incidence with central angle of 30 °, axis vertical, and apex at the 
focus. Study of the figures discloses that the chief characteristics of this energy 
distribution for dipping faults are: (1) considerable variation in energy with azi- 
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muth from the focus, at equal angles of incidence, is possible; (2) there is a variation 
of energy with varying angle of departure of the rays; and (3) both these variations 
are increased, although absolute values are decreased, by increased angles of dip of 
the fault plane (and hence increased epth of focus under the assumptions noted 
above.) 
A similar development is possible for the distribution of dilatational energy. The 
three-dimensional figure in this instance consists of two mutually perpendicular, 
intersecting toroids each similar to that for shear. The zones of zero energy are thus 
greatly reduced and the cone of incidence cuts out surfaces yielding much less 
extreme variations at all angles of departure and fault-plane attitudes. In other 
words, the energy-distribution solid is a much better approximation to a sphere. 
Figure 10 further indicates that if the rays can have angles of departure at the 
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source of from 15 ° up to 90 ° (true for the S phase), and all possible azimuths from 
the source, average amplitudes observed at a wide net of stations will be lower than 
those which would be determined from SKS or SKI~S alone. The difference is 
obviously greater for shallow shocks (gently dipping plane) than for deeper foci 
(steeply dipping plane). The lowering of averaged amplitudes i due to a greater 
~ffect of the zones of small shear energy at larger angles of incidence, yielding a 
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higher value of C. If C is too large for transverse core phases, At in (2) is too large 
and the residuals (A o - A t) are too small. 
In the light of this conclusion we might expect negative residuals for both SKS 
and SKKS over the whole range of epicentral distance studied. Figures 3 through 8
show this to be the case for SKS only at A < 100 °, and not the case for the hori- 
zontal component ofSKKS at any epicentral distance. Thus only the second halves 
of discrepancies A and B noted above are removed by the assumed energy distribu- 
tion. Figure 10 can, however, explain the better agreement of deeper shock data 
with calculated valueS. 
The remaining parts of discrepancies A, B, and c are at least qualitatively resolved 
by a consideration of the absorption coefficient k. SKS for all depths has positive 
residuals, hence deficient energy, at opicentral distances less than 100 °. Assuming 
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for a moment hat this is due to increased absorption in the outer regions of the 
core, what interrelation with residuals of SKKS would be expected? An SKS ray 
emerging at 100 ° has 70 ° of this path in the core. Thus the equivalent SKKS ray 
emerges at 170 °. If observed energies of SKS are too small at A < 100 ° because of 
the abnormal absorption assumed, energies in SKKS, because of its doubled core 
path, should exhibit roughly twice this discrepancy over the whole range to 170 °. 
Figure 3 shows this to be approximately the case. The validity of this interpretation 
is further strengthened by an observed phase-period increase with epicentral dis- 
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tance believed ue to selective absorption--a relation which cannot be further dis- 
cussed here. 
A thickness of 700 kilometers for the highly absorptive zone has been determined 
by calculating the deepest point on a ray having a central angle of 70 ° in the core 
by the method of Herglotz and Wiechert. Calculations of probable values of k in 
the outer core are not possible until adjusted values of C have been determined and 
the required variation in At defined. 
No hypothesis for the explanation of discrepancy D above (abnormally large 
vertical amplitudes) is suggested by either the shear-stress distribution diagrams 
or the zone of abnormal absorption. Similar findings were obtained by Ergin (1953) 
for the supposedly minor vertical components of PcS and SeS. Explanation of this 
phenomenon asa result of refraction to longitudinal vibration at a very near surface 
discontinuity is not borne out by studies of directions of the first SKS motion. 
Investigation of polarization of SKS waves has also disclosed appreciable compo- 
nents of SH vibration in the theoretically pure SV motion. The problem of mixed 
vibration is complex, yet basic, and is worthy of additional data and study. 
Anomalous observed energy as a function of epicentral location.--Observed ampli- 
tudes and periods of SKS, in themselves, supply another energy relation of interest. 
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The scatter  of A o  values in figure 1 seems in excess of that  expected from errors 
involved. This scatter  was analyzed by  tak ing residuals for each determinat ion  
with respect o a mean curve. A~ for SKS was selected for pre l iminary  s tudy because 
of a greater number  of observat ions involved. F igure 11, a is a p lot  of A~ from 80 
shal low earthquakes  par t icu lar ly  welI recorded at Pasadena.  
Residuals of each observat ion were analyzed with respect o shock magni tude,  
TABLE 6 
]:~EGIONAL CORRECTION FACTORS FOR AMPLITUDE/PERIOD I~ATIOS MEASURED AT PASADENA 
1 Region Correction Region { Correction 
Normal depth 
Northern Iran and Turkey . . . . . . . .  
North Africa . . . . . . . . . . . . . . . . . . . . .  
Southern Antilles and Tierra 
del Fuego . . . . . . . . . . . . . . . . . . . . . .  
New Zealand . . . . . . . . . . . . . . . . . . . . .  
New Hebrides . . . . . . . . . . . . . . . . . . . .  
Santa  Cruz  I . . . . . . . . . . . . . . . . . . . . .  
So lomon I . . . . . . . . . . . . . . . . . . . . . . . .  
New Br i ta in  . . . . . . . . . . . . . . . . . . . . .  
New Gu inea  . . . . . . . . . . . . . . . . . . . . . .  
+0.4 
+0.2 
+0.15 
--0.3 
+0.2 
--0.25 
+0.3 
+0.25 
+0.3 
Aroe I . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Celebes . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sumatra . . . . . . . . . . . . . . . . . . . . . . . .  
Philippines . . . . . . . . . . . . . . . . . . . . . .  
Formosa nd Japan . . . . . . . . . . . . . .  
Szeehwan, China . . . . . . . . . . . . . . . .  
Burma . . . . . . . . . . . . . . . . . . . . . . . . . .  
Eastern India . . . . . . . . . . . . . . . . . . .  
Indian Ocean . . . . . . . . . . . . . . . . . . . .  
+0.25 
--0.2 
0.0 
+0.2 
--0.35 
--0.1 
--0.4 
0.0 
+0.3 
Depth = 100 kilometers 
South America . . . . . . . . . . . . . . . . . . . .  
Kermadec I . . . . . . . . . . . . . . . . . . . . . .  
Tonga I . . . . . . . . . . . . . . . . . . . . . . . . . .  
New Hebrides . . . . . . . . . . . . . . . . . . . .  
Santa  Cruz I . . . . . . . . . . . . . . . . . . . . .  
So lomon I . . . . . . . . . . . . . . . . . . . . . . . .  
+0.3 
+0.2 
-0 .3  
+0.2 
-0 .2  
0.0 
New Britain . . . . . . . . . . . . . . . . . . . . .  
New Guinea . . . . . . . . . . . . . . . . . . . . .  
Sunda Arc . . . . . . . . . . . . . . . . . . . . . . .  
Marianas I . . . . . . . . . . . . . . . . . . . . . .  
Celebes . . . . . . . . . . . . . . . . . . . . . . . . .  
Philippines . . . . . . . . . . . . . . . . . . . . . .  
0.0 
+0.1 
+0.25 
+0.25 
-0 .3  
+0.5 
Depth = 200 kilometers 
Kermadee I . . . . . . . . . . . . . . . . . . . . . .  +0.2 Celebes . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.15 
New Hebrides . . . . . . . . . . . . . . . . . . . .  -0.05 Marianas I . . . . . . . . . . . . . . . . . . . . . . .  +0.3 
Sunda Arc . . . . . . . . . . . . . . . . . . . . . . .  - 0.1 Hindu Kush . . . . . . . . . . . . . . . . . . . . . .  0.0 
az imuth,  epicentral  distance, and epicentral  location. No  consistent deviat ion wi th  
magni tude was apparent ,  thereby  confirming the value of G in equat ion (1) and 
extending its use to shear core phases. Also, no dependence of the residuals on e i ther  
d istance or az imuth  alone was discovered. The predominant  effect upon the magni -  
tude and sign of any  part icu lar  esidual is found to be the geographic locat ion of the 
ear thquake involved. This  result  was tested by  first considering ampl i tudes  of 
mul t ip le  phases in the SKS group, and then by  an analysis of all in termediate  and 
deep shock data.  
F rom tables grouping the residuals as funct ions of la t i tude and longitude, average 
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residuals for localized areas were determined. Complexities arise in the delineation 
of boundaries of adjacent regions. This is particularly true for the island arcs of the 
southwest Pacific. Maps and descriptive data from Gutenberg and Richter (1949) 
have been used extensively in this determination. The adopted average residuals 
are summarized in table 6. These residuals can be used as correction factors in 
determinations of magnitude from SKS at Pasadena by subtracting them from the 
logarithm of the amplitude/period ratio in equation (1) solved for M. 
To illustrate the effectiveness of the average residuals found, they have been 
applied to the observed A~ values in figure 11, a. The corrected A~ values are plotted 
in figure 11, b. It is noted that the scatter is reduced about 60 per cent by this re- 
gional correction. 
How much of the disagreement i  residuals with depth of focus in a single region 
is real and an indication of very complex structures in the areas involved is not 
known. Coincidence of all such anomalies with zones of sharply flexed structural 
trends in the major and minor arc units of the circum-Pacific belt suggests hat they 
are not wholly due to errors and statistical inconsistencies of the method. 
Several causal hypotheses for these energy anomalies have been considered. 
Anisotropy of the medium, near-surface crustal effects at the source, and surface 
inequalities of the core boundary are all either efuted by the data or can be shown 
to be quantitatively incompetent to resolve the residuals. Application of the non- 
spherical energy distribution described above, however, allows quantitative explana- 
tion of the residuals of observed energy over the mean in terms of variations in 
strike of the major fault systems involved with respect to azimuths from Pasadena. 
Mooney (1951, p. 26) has tabulated a slightly different energy residual as a func- 
tion of epicentral region for the phases pP and P observed at Pasadena. His residuals 
are based on the quantity (At  -- Ao), and hence have signs opposite to those here 
determined. It is of interest, however, that with reversed signs for one set of data, 
all the residuals for regions common to both investigations are of similar sign 
(Marianas Islands, New Guinea, New Hebrides Islands, and Kermadec Islands). 
Furthermore, all the residuals based on longitudinal phases are of smaller magnitude, 
as is predicted by comparison of the energy distribution patterns in figure 9 for 
dilatational nd distortional vibration. 
SUMMARY AND CONCLUSIONS 
Newly constructed travel-time curves of SKS, SKKS, and SKKKS are believed to 
be an improvement over previous observed curves ince they are in better agreement 
with calculated arrival times. Observation of the later branched segments has not 
been possible, but the new SKS curve reflects rather closely the abrupt slope change 
near 130 ° at the theoretical branch intersection. Late arrivals of SKS clearly de- 
lineate three multiple phases for normal earthquakes, in addition to the principal 
phase, and at least one for intermediate and deep shocks. Only one phase has been 
observed for SKKS. It is thought hat observed times of SKS are now within the 
limits of error set by the determination f epicenters and origin times, and by vari- 
able crustal effects. Additional time-distance data for SKKS and SKKKS would 
be of value. 
Travel times between points on the surface of the core have been calculated, 
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using SKS and SKKS times from this study, and are presented in table 3. Times 
from both calculations are in very good agreement over the common range and 
require a steeper curve slope, and hence slightly lower velocity, lust inside the core 
than the latest published ata of both Gutenberg and 3effreys. Using an averaged 
core travel-time curve, and times for the later branches not derivable from SKS 
from Gutenberg (1951), times were calculated for SKS, SKKS, and SKKKS. 
Agreement with observed times is best for SKS, but residuals for the other two 
phases never exceed 7 seconds. 
Parameters which are measures of wave energy have been determined from ob- 
served amplitudes and calculated from elastic-wave theory. Agreement between 
observation and theory for all phases is in general only fair or even poor. The ob- 
served energies are too large for all phases, components, and distances except for the 
horizontal component of SKKS over the whole range of distance, and of SKS at 
epicentral distance less than 100 °. These anomalies have led to the consideration 
of a nonspherical energy distribution about the source. A completely quantitative 
treatment is not possible at this time, but the proposed variations of energy as a 
function of ray azimuth and angle of incidence from the source can remove most of 
the observed iscrepancies. Remaining residuals of opposite sign are explained on 
the basis of a highly absorptive zone within the core from its surface down to an 
approximate depth of 700 kilometers. 
Observed-energy parameters show a definite epicentral location dependence. 
Residuals from mean values are tabulated for several regions as correction factors 
which can be used at Pasadena in calculations of magnitude from SKS amplitudes 
for earthquakes of normal and intermediate depths. These energy variations with 
azimuth and epicentral distance are also qualitatively explained by the nonspherical 
energy distribution noted above. 
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